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Detection of plant water stress by remote sensing
has been proposed using indices of Near-Infrared
(NIR, 0.7-1.3 pm) and Middle-Infrared (MIR,
1.3-2.5 pm) wavelengths. The fust objective of
this study was to test the ability of the Leaf
Water Content Index (LWCI) to determine leaf
Relative Water content (RWC) of different species
with different leaf morphologies. The second objec-
tive was to determine how the Moisture Stress
Index (MSI; MIR / NIR) varies with RWC and the
Equivalent Water Thickness (EWT). Reflectance
factors at 0.82 pm and 1.6 pm were measured on
leaves of Quercus agrifolia (sclerophyllous leaves),
Liquidambar styraciflua (hardwood deciduous tree
leaves), Picea rubens and Picea pungens (conifer
needles), and Glycine max (herbaceous dicot
leaves) as they dried on a laboratory bench. RWC
and EWT were measured concurrently with the
reflectance measurements. The results showed that
LWCI was equal to RWC for the species tested.
However, the results of a sensitivity analysis indi-
cated the reflectances at 1.6 um for two different
RWC must be known for accurate prediction of
unknown RWC; thus the LWCI is impractical for
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field applications. MSI was linearly correlated to
RWCwith each species having a different regres-
sion equation and to log,, EWT with data of all
species falling on the same regression line. Because
EWT is correlated with leaf area index, MSI should
also be correlated with leaf area index. Assuming
that the linear regression equation of MSI to EWT
can be applied to canopies, then the minimum
significant change of RWC that can be detected is
52%. For most plants, the natural variation in
RWC from water stress is only about 20%, so that
we conclude that indices derived from NIR and
MIR reflectances cannot be used to remotely-sense

INTRODUCTION

Detection of plant water stress caused by drought
is a major goal for remote sensing (Bauer et al.,
1986; Jackson et al., 1986). Interactions of vegeta-
tion with radiation, particularly for Near-Infrared
wavelengths (NIR, 0.7-1.3 pm) and Middle-
Infrared wavelengths (MIR, 1.3-2.5 pm), depend
in part on the volume of water in leaf cells. Meth-
ods for detection of water stress by remote sensing
based on plant physiology are desirable because
these methods can be readily used on different
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vegetation types with little adjustment (Jackson,
1982; Hunt et al., 1987).

One such method is the Leaf Water Content
Index (LWCI, see Background for brief descrip-
tion), which uses NIR and MIR reflectances to
determine leaf Relative Water Content, RWC
(Hunt et al., 1987). The LWCI is equal to RWC
for a leaf succulent, Agave deserti, and was some-
what successful in predicting seasonal changes of
RWC for whole plants (Hunt et al., 1987), but it is
not known if the LWCI can be applied to other
species for which the assumptions necessary to
derive LWCI do not hold. Therefore, the first
objective of this study was to test the ability of the
LWCI to determine the RWC for other species
that have different morphologies: i.e., deciduous
hardwood tree leaves, coniferous tree needles, scle-
rophyllous tree leaves, and herbaceous annual di-
cot leaves. A sensitivity analysis was performed in
conjunction with this objective.

For remote sensing applications, methods that
use NIR and MIR data may be sufficient to delin-
eate stressed areas from non-stressed areas. Rock
et al. (1985; 1986) used the ratio of Thematic
Mapper Bands 5 to 4 (1.55-1.65 pm and 0.76-0.90
pm, respectively), which is termed the Moisture
Stress Index (MSI), to detect areas of coniferous
forest damage [both natural damage from old age
and damage possibly caused by acid deposition or
air pollution (Vogelmann and Rock, 1986; Defeo
et al., 1988)]. Yet, the relationships between MSI
and measurements of plant water status have been
assessed quantitatively only for Pinus resinosa
(Westman and Price, 1988). Thus, the second ob-
jective of this study was to determine how MSI
varies with RWC and Equivalent Water Thickness
(EWT, leaf water volume/leaf area) for species
with different leaf morphologies.

BACKGROUND

The degree of plant water stress can be ascer-
tained by measuring many different physiological
variables including decreased growth, stomatal
conductance, leaf water potential, or leaf relative
water content (Bradford and Hsiao, 1982). Leaf
water potential is a measure of the chemical po-
tential of water and gradients of water potential
drive water transport across plant membranes
(Nobel, 1983); however, it is not clear how leaf

water potential can be remotely sensed. Relative
Water Content (RWC) is defined as the water
volume of a leaf divided by the maximum water
volume, i.e., the volume at full turgor (FT). For
any given leaf, there is a one-to-one nonlinear
relationship between RWC and leaf water poten-
tial that can be quantified using a “pres-
sure—volume curve” (Nobel, 1983). Specific leaf
water content (g H,0 /g dry mass) is not a good
measure of water stress because it is confounded
by plant size and dry matter content (Bradford
and Hsiao, 1982).

Vegetation indices using red (R; 0.65-0.70
pm) and NIR wavelengths have been successfully
used to infer plant water stress and the subsequent
reduction of plant productivity (Wiegand et al.,
1972; Thompson and Wehmanen, 1979; Walsh,
1987; Richardson and Everitt, 1987). These vege-
tation indices are highly correlated with total leaf
water mass per ground area (Tucker, 1979). How-
ever, NIR /R vegetation indices are physiologically
related to canopy chlorophyll content and ab-
sorbed photosynthetically active radiation (Asrar
et al., 1984; Tucker and Sellers, 1986), so that
decreases in plant growth or plant senescence
caused by water stress, and not low RWC or leaf
water potential, is detected using these indices
(Jackson et al., 1983).

As stomatal conductance decreases, there is
less latent heat loss from transpiration so that leaf
temperature increases, which can be detected us-
ing thermal-infrared sensors (Bartholic et al., 1972;
Jackson, 1982). Based on this temperature re-
sponse, the degree of water stress can be quanti-
fied by various methods (Idso et al., 1977; Blad
et al., 1981; Jackson et al., 1986). Temperature
response to suddenly induced water stress is faster
than changes in NIR reflectance (Jackson and Ezra,
1985). Methods that combine thermal data with
NIR and R data, such as in the Normalized Dif-
ference Vegetation Index [NDVI=(NIR - R)/
(NIR +R)]}, are significant advances for the detec-
tion of regional vegetation water stress (Hope,
1988; Nemani and Running, 1989).

Water strongly absorbs in the MIR region
(Curcio and Petty, 1951) and is a major factor
controlling leaf spectral properties (Gausman
et al, 1970; Gates, 1980). MIR reflectance in-
creases with decreasing leaf water content (Rohde
and Olson, 1967: Thomas et al., 1971; Carlson
et al., 1971: Everitt and Nixon, 1986; Ripple,



1986; Westman and Price, 1988). Thus, use of
MIR wavelengths, particularly from 1.55 to 1.75
pm, is suggested for remotely sensing leaf water
contents (Tucker, 1980).

To adjust for differences in radiance across the
landscape, indices have been developed for analy-
sis of satellite digital data in order to compare one
area of a scene to another. One such index is the
MSI (Rock et al., 1985; 1986). Hardisky et al.
(1983) showed that the Normalized Difference In-
frared Index [II =(NIR — MIR)/(NIR +MIR)] is
highly correlated with canopy water content (g
H,0/m? ground area). Also, the ratio of Thematic
Mapper Band 5 to Band 7 (1.55-1.75 pm and
2.08-2.35 pm, respectively) is highly correlated
with the water content of soils and vegetation
(Elvidge and Lyon, 1985; Musick and Pelletier,
1986, 1988).

The absolute leaf water content per leaf area
(volume /area) defines a depth of water spread
over the leaf area and is termed the Equivalent
Water Thickness (EWT). With advanced leaf spec-
tral models, the EWT of a leaf may be predicted
from a single leaf spectrum (Gausman et al., 1970).
However, in a subsequent study, Allen et al. (1971)
found that the predicted EWT from leaf spectra
did not equal the actual leaf EWT.

Hunt et al. (1987) developed the Leaf Water
Content Index (LWCI) for remotely sensing RWC.
Using the Beer-Lambert-Bouguer law, EWT is
calculated by

EWT = —In(1—a) /k, (1)

where k is the extinction coefficient (m™!) of the
leaf at a wavelength of 1.6 pm and a is the leaf
absorptance of water equal to (RP;— R,,), the
reflectance factors at a wavelength of 1.6 pm for
an air-dry leaf and the same leaf while hydrated,
respectively. Transmittance was assumed to be
negligible; a sensitivity analysis on this assumption
is discussed in a subsequent section. RWC is
EWT/EWTYT by definition, so that

— ln[l — (Rfe - RI.G)]

By T T ) R

where RTj is the reflectance factor at 1.6 pm at
full turgor and (RP — RYY) is the absorptance for
the fully hydrated leaf. Thus, LWCI is expected to
equal RWC of a given leaf (Hunt et al., 1987).
Two parameters are required for Eq. (2): RTy
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and RY,. In practice, these parameters can be
calculated using Eq. (2) if reflectances are ob-
tained at two known, different RWC (Hunt et al.,
1987). One parameter can be eliminated given the
assumption that R is equal to R g,, which is the
reflectance factor at 0.82 pm (Rohde and Olson,
1967; Thomas et al., 1971). Then

— ln[l - (Ro,sz - RLG)]
- ln[l - (Ro.sz - ng)] ,

LWCI = (3)
leaving only one parameter R determined from
a measured R, 4 at a known RWC. The difference,
R4 — R ¢, is an estimate of the absorptance of
water at a wavelength of 1.6 pm. Equations (2)
and (3) were presented in Hunt et al. (1987) as the
ratio of base 10 logarithms, which is equivalent to
the ratio of Napierian logarithms above.

MATERIALS AND METHODS

Leaves of Quercus agrifolia (California live oak),
Picea pungens (blue spruce), and Liquidambar
styraciflua (sweetgum) were collected from trees
at the Jet Propulsion Laboratory (Pasadena, Cali-
fornia), and leaves of Picea rubens (red spruce)
were collected from trees on Camels Hump Moun-
tain (near Burlington, Vermont). The leaves were
placed in plastic bags with moist paper towels,
transported in a cool dark container to the labora-
tory, and stored in a refrigerator until use (within
24 h). Plants of Glycine max var Harosoy (soybean)
were grown in a controlled environment room
(temperature 20°C, relative humidity 50%, photo-
synthetically active radiation of 500 pmolm 25},
photoperiod of 16 h light/8 h dark), where the
plants were watered three times a week with a
commercial nutrient solution including micronutri-
ents.

The petioles or stems of the leaves selected for
use were recut under water and allowed to hydrate
to a constant weight, defined as the mass at full
turgor (W FT) corresponding to an RWC of 1.0
(100%). Directional-hemispherical reflectance fac-
tors were measured using a Beckman UV 5240
spectrometer! with a Halon standard for individ-

'Mention of trade names does not imply endorsement by
NASA, by the Jet Propulsion Laboratory, California Institute
of Technology, or by the University of New Hampshire.
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ual leaves; needles of both Picea species (abbrevi-
ated spp.) were stacked in an instrument sample
container to about three layers deep for reflectance
measurements. The number of leaves sampled was
10 for Q. agrifolia, 15 for L. sytraciflua, four
(containers of needles) for P. pungens, and 12 for
G. max; bidirectional reflectance factors of P.
rubens (n =4 containers of needles) were mea-
sured using a Geophysical Environmental Re-
sources Visible /Infrared Intelligent Spectrometer
(VIRIS) with a Corning Fiberfrax standard.

The leaves were placed on a laboratory bench
to desiccate slowly. Reflectance spectra were ob-
tained every other hour during the daytime over
the next several days until the leaves were air dry.
With each spectrum, the leaf (or container) mass
(W) was obtained. After the measurements were
completed, the leaves were oven dried at 60°C to
obtain the dry mass (W?). RWC was then calcu-
lated as (W —WP)/WFT— WD), Onesided leaf
areas were obtained using a Delta — T Devices
area meter. Equivalent Water Thickness (EWT)
was defined as the leaf water volume divided by
the leaf area (A) and calculated as (W —
WP)/dy A, where d, is the density of water
(1000 kg/m®). For Picea spp., the area of the
container was used in place of leaf area. R, and
R, ¢ were determined for each spectrum. The data
at RWC of 1.0 and RWC near 0.0 were used to
determine the parameters for LWCI using either
Egs. (2) or (3), so that these data were not used in
the analysis of LWCI versus RWC.

RESULTS AND DISCUSSION

Leaf Water Content Index

As the leaves dried, reflectance factors in both the
MIR and NIR increased for L. styraciflua
(hardwood deciduous tree leaves) and Q. agrifolia
(sclerophyllous tree leaves; Fig. 1). For G. max
(herbaceous dicot leaves) and Picea spp. (conifer
needles), only the reflectance factors in the MIR
increased significantly (Fig. 1, data for P. rubens
not shown). R, was about equal to R4, for dry
G. max leaves, but not for leaves of Picea species,
G. max, and Q. agrifolia. Thus, Eq. (3) was used
to calculate LWCI for G. max, whereas Eq. (2)
was used to calculate LWCI for the other species.

The absolute changes in reflectance factors in the
visible region were small for all species (Fig. 1).

For all species, the LWCI was about equal to
RWC and varied about the 1:1 line, especially for
naturally occurring RWC between 0.5 and 1.0
(Fig. 2). The slope and y-intercepts were not sig-
nificantly different (P < 0.95) from 1.0 and 0.0,
respectively, for Picea spp., L. styraciflua, and Q.
agrifolia; however, the slope and y-intercept were
significantly different (P > 0.95) from 1.0 and
0.0, respectively, for GG. max (Table 1). The r>
for regressions forced to the y = x line was very
high for Q. agrifolia (0.985), Picea species (0.991),
and L. styraciflua (0.974) showing that LWCI
explains most of the variation in the data (Fig. 2).
For G. max, the r? for the forced y = x line was
moderately high (0.902) because the least-squares
regression line was significantly different from the
y = x line (Fig. 2, Table 1).

The LWCI was indeed equal to RWC for the
species with different leaf morphologies, except for
G. max. When RWC was greater than 40% for G.
mazx, the slope of a least-squares regression equa-
tion was 0.92 [s.e. (b;)=0.064], which is not
significantly different from 1.0 using a ¢-test, and
the y-intercept was 0.074 {s.e. (b,) = 0.047], which
is not significantly different from 0.0. Thus, LWCI
was also equal to RWC for G. max when RWC is
greater than 40%, so that the LWCI may be
applicable to all species over most of the range of
naturally occurring RWC.

Sensitivity Analysis

The sensitivity of LWCI to the assumption of
negligible transmittance was determined using a
reformulation of Eq. (2):

- ln[l - f* (Rll).ﬁ - Rl,a)

LWCL = i f+(RP— RTY)

L

where f is a factor that varies from 1.0 when
transmittance at a wavelength of 1.6 um (T, ) is
zero, to 2.0 when T, ,= R, 4. For various LWCI,
which was set equal to RWC, R, ¢ was calculated
using: f=1, RP,=0.5, and R}g=0.2. Then, us-
ing the calculated R, ¢ for the selected RWC (i.e.,
the selected LWCI when f is 1.0), f was varied
from 1.25 to 2.0 to calculate a new LWCI using

Eq. (4).
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Figure 1. Typical changes of leaf reflectance for a
single leaf of: Quercus agrifolia, Picea pungens,
Ligquidambar styraciflua, and Glycine max during
drying from Relative Water Contents (RWC) from
1.0 to about 0.2. Rate of drying for the various
species is indicated by the time each reflectance
spectrum was obtained.
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Figure 2. Comparison of calculated Leaf Water Content Index (LWCI) with measured Relative
Water Content (RWC) for Q. agrifolia, P. rubens, P. pungens, L. styraciflua, and G. max. The
data for the two Picea species (spp) were combined. The lines are y = x, and not a least-squares

regression line. The statistics for the least-squares regression equations are in Table 1.

The results of this sensitivity analysis show the
maximum difference in LWCI between f=1.0
and f= 2.0 was 0.054 at an RWC of 0.5 (Fig. 3).
Similarly, when f is 2.0 and R4 is calculated for
a given RWC using Eq. (4) and a new LWCI is
calculated from the resulting R, using Eq. (4)

with f=1.0, the maximum difference in LWCI
between f= 2.0 and f= 1.0 was 0.069. These two
maximum differences are the same order of magni-
tude as the standard errors of the estimate (s,, ) for
the regression lines in Table 1. Although transmit-
tance is considerable for most leaves (Gausman

Table 1. Coefficients and Statistics of a Least-Squares Linear Regression LWCI = b, + b, * RWC for

Five Species.”

2

Species n b, se(b,) b, se(b;) Syx r?

Q. agrifolia 49 0.017 0.012 0.97 0.018 0.047 0.98
L. styraciflua 111 - 0.004 0.064 1.01 0.015 0.050 0.98
G. max 37 0.13" 0.025 0.84" 0.041 0.076 0.93
P. pungens 31 0.017 0.008 0.98 0.015 0.026 0.99
P. rubens 18 0.020 0.010 0.99 0.013 0.028 0.99
Picea spp 49 0.018 0.042 0.98 0.013 0.027 0.99

“Other symbols are n for the number of points, r? for the coefficient of determination, s,, for the standard
error of y-estimate, se(b,) for the standard error of the y-intercept, and se(b,) for the standard error of the slope.
bSignificantly different from 0.0 at P > 0.95 using a f-test.
“Significantly different from 1.0 at P > 0.95 using a t-test.



1.0 T T L T |
o f=1.00 ./

;g o f=1.25 /??

L — v -
'g 0.8 o f=1.50 fgf
- a =175 2-d

IK7
® o L v f=200 Zgg |
- ' /g/
C 287
c &
(&) 2§;
. 4
o 04 r f§é§/ i
Z e
O zgj
; -
“ ,gég
o 02} Eé .
[} Eg
-l i‘
Y
A
0.0 [ 1 1 1 L
0.0 0.2 0.4 0.6 0.8 1.0

Relative water content

Figure 3. Sensitivity of the Leaf Water Content Index to the
assumption of negligible transmittance using Eq. (4). The
factor f indicates the amount of transmittance at 1.6 pm
wavelength (T, 4): f=1.0for T} 4 =0.0; f=125for T, g =
025% R4 f=151for T\ =05+%R, g f=175for T\ =
0.75% R, ¢; and f=2.0 for T, = R, .

and Allen, 1973; Gates, 1980), the assumption of
negligible transmittance does not have a large
effect on the prediction of RWC from LWCI using
Eq. (2).

Sensitivity of the LWCI to the assumption that
RP.=R,4 [Eq. (3)] was assessed by choosing
RYT =02, varying RY, from 0.5 to 0.3, and calcu-
lating R, 4 for a given LWCI (which was set equal
to RWC) according to Eq. (2). Then, the calcu-
lated R, and RY% = 0.2 were used in Eq. (3) with
R4, = 0.50 to obtain a new LWCI for each RWC
[i.e., the given LWCI from Eq. (2)].

The sensitivity analysis showed that the as-
sumption of RP equal to R4, was poor (Fig. 4).
Hence, this assumption, which is necessary to
eliminate one parameter, cannot be used to accu-
rately predict RWC from Eq. (3). LWCI from Eq.
(3) was used to predict RWC of G. max, and the
errors at low RWC are similar to the errors in this
assumption; but LWCI using Eq. (2) was similar to
LWCI using Eq. (3) for G. max (data not shown)
so that the lack of fit to the 1:1 line was not due to
the use of Eq. (3). Whereas determination of one
parameter for LWCI at known RWC may be
feasible, determination of two parameters at known
RWC would be difficult for any practical applica-
tion in remote sensing. Thus, it is unlikely that the
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Figure 4. Sensitivity of Leaf Water Content Index to the
assumption that RP; = R g,. For various RWC, R, ¢ was
calculated using Eq. (2) for RP; from 0.50 to 0.30 with
RYT =0.20. Then, LWCI was calculated using Eq. (3) with
Ry = 0.50.

LWCI can be applied to field situations, and the

only foreseeable use of the LWCI would be in the
laboratory where conditions can be controlled.

Moisture Stress Index

MSI (calculated as R, 4/R,g,) Was linearly corre-
lated to RWC for leaves of all species: A. deserti
(data from Hunt et al., 1987), Picea spp, L.
styraciflua, Q. agrifolia, and G. max (Fig. 5). The
r2 for the linear regression equations (Table 2)
were less than the 2 for the least-squares regres-
sion equations of LWCI to RWC (Table 1). The
negative slopes for the linear regression lines in-
creased and the y-intercepts decreased with in-
creasing maximum leaf EWT (Table 2). Thus,
every species may have its own unique relationship
of MSI to RWC.

Furthermore, the relationship between maxi-
mum EWT and the regression coefficients (Table
2) suggested that the MSI may be related to EWT.
Indeed, MSI was linearly correlated to log,, EWT
with an 72 of 0.889 (Fig. 6). The data for the
different species fell along the same line, even
though the data were plotted arbitrarily on a log,,
scale to accommodate the 4 orders of magnitude
difference in EWT from fully hydrated A.
deserti leaves to air-dry soybean leaves (Fig. 6).
The Normalized Difference Infrared Index
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Figure 5. Relationships of the Moisture Stress Index (MSI) to Relative Water Content for Agave
deserti, Q. agrifolia, P. pungens, P. rubens, L. styracifiua, and C. max. Data for A. deserti were
from Hunt et al. (1987). Regression equations and statistics are in Table 2.

(I =(Rs — Ry4)/Rosa+ Ry ) (Hardisky et al,
1983)] was near-linearly correlated to log,, EWT
(r?=0.818).

To determine the relationship between EWT
and MSI, RP, was assumed to equal R,g,, and
two sets of leaf parameters were chosen: EWTFT
of 1 mm and R, = 0.95 (appropriate for a succu-
lent leaf), and EWT*T of 0.35 mm and R4, = 0.5
(appropriate for a deciduous tree leaf). R4 and
EWT were then calculated for various RWC by
solving

EWT = RWC*EWT*T
=_ln[1_(R0.82_R1.6)]/k’ (5)

where k was taken to be 600 m !, which is that of
pure water at 1.6 um (Curcio and Petty, 1951).
The derived MSI was determined from the calcu-
lated R, and chosen R, ..

The derived MSI for a single leaf increased
rapidly then leveled off as the EWT decreased
(Fig. 7). This relationship is the result of MSI
being linearly correlated to RWC (Fig. 5) and then
being plotted on a log scale. Yet, the relationship
between the derived MSI and EWT for a single
leaf was generally contained in the bounds of the
95% confidence interval of the linear regression
equation. Thus, the regression lines in Figures 6

Table 2. Coefficients and Statistics of a Least-Squares Linear Regression, MSI = b, + b, * RWC for Six Species.”

Species n b, se(b,) b, se(b,) Sys r? EWT,,
Q. agrifolia 49 0.83 0.011 —0.20 0.017 0.044 0.75 0.24
L. styraciflua 111 0.81 0.006 —0.23 0.014 0.045 0.72 0.21
G. max 37 0.97 0.006 -0.19 0.010 0.018 0.92 0.09
P. pungens 31 0.76 0.015 —-0.33 0.031 0.052 0.80 0.52
P. rubens 18 0.71 0.010 —-0.34 0.019 0.029 0.95 12
Picea spp 49 0.74 0.032 —0.34 0.024 0.053 0.81 1.2
A. deserti 50 0.71 0.026 —0.46 0.033 0.046 0.80 6.5

“The data are for Agave deserti from (Hunt et al., 1987). EWT,, is maximum equivalent water thickness (mm); other symbols

are defined in Table 1.

m
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Figure 6. Relationship of the Moisture Stress Index (MSI) to Equivalent Water Thickness (EWT) for all
species. EWT is the water volume per projected leaf area. The solid line is the regression equation:
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0.00544.

and 7 resulted from the combined nonlinear indi-
vidual-leaf relationships of MSI to EWT for a large
number of leaves.

These results suggest a reason why MSI and
other shortwave-infrared vegetation indices are
correlated with leaf area index (Hardisky et al.,
1983; Gardner et al., 1985; Curran and Williamson,
1987; Peterson et al., 1987). Leaf area index may
be thought of as an equal number of stacked leaves

(so a leaf area index of 3 equals three layers of
leaves, as was the case for Picea spp). If the EWT
of each leaf adds to the total EWT of the stack,
then MSI for the total EWT will be correlated to
the number of leaves in the stack, and thus to leaf
area index. Moreover, NIR /R vegetation indices
are correlated to canopy water content because
these vegetation indices are also correlated to LAI
(Tucker, 1979).

1.2 T I T
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0.6
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041 ~—0— Rpg2=0.95
’ —0o— Rg g2 =050
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1 |

Figure 7. Comparison of Moisture Stress Index (MSI)
-1 between the regression equation (+95% confidence
interval for prediction of MSI; Fig. 6) and MSI
calculated using Eq. (5) for various equivalent water

~ thicknesses. Two leaf morphologies for the calculated

0.2 !
0.001 0.01 0.1 1
Equivalent water thickness {mm)

10 MSI were used, a succulent leaf and a deciduous
hardwood tree leaf.
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If the linear regression equation for MSI versus
EWT (Fig. 5) is applicable to plant canopies, then
the minimum significant change in EWT de-
tectable by MSI may be calculated. If leaf area
index remains constant, then the change
EWT, -EWT, is related to the change in RWC
times EWT,. So by subtracting the linear regres-
sion equation for Time 2 [Eq. (6b)] from the
equation for Time 1 [Eq. (6a)] to get Eq. (6¢):

MSI, = 0.468 — 0.213log ,,(EWT, ), (6a)

— MSI, = —0.468 +0.213log,,( ARWC * EWT),
(6b)

AMSI = 0.213log ,,( ARWC), (6¢)
where log,,(ARWC+EWT,) is equal to

log ,((ARWC) +log ,o(EWT,). The standard error
of the estimate for the regression line in Figure 6 is
0.061. Setting AMSI equal to — 0.061 (because
the slope is negative) in Eq. (6¢), the minimum
detectable change in RWC is 52%. Because this
change is independent of initial EWT, a fully
hydrated canopy must lose about one-half of its
water (RWC of 1—0.52 = 0.48) before a signifi-
cant difference in MSI caused by water stress can
be remotely sensed.

There are three broad categories of ways plants
deal with drought (Turner, 1979): 1) drought es-
cape typical of a plant that completes its life cycle
before the onset of drought; 2) maintenance of
high leaf water content by reducing transpiration
and increasing root water uptake; and 3) tolerance
of low leaf water contents by cellular adjustment.
Of these three categories, remotely sensed MSI
may detect plant water stress for only those plants
in the third category that tolerate low leaf water
contents. For example, evergreen shrubs in the
Californian chaparral can withstand leaf RWC of
0.5 (water potentials of — 5.0 MPa) and survive
until the next wet season (Bowman and Roberts,
1985; E. R. Hunt, Jr. and P. J. Riggan, unpub-
lished data).

Relative water contents for stressed plants in
the first two categories are about 0.8-0.7 (Run-
ning, 1980). If RWC greater than 0.5 cannot be
reliably determined using the MSI, then water
stress cannot be detected for these plants until the
leaves are senescent from lack of water. Moreover,
since RWC of 0.5 represents extreme water stress
for those plants that tolerate low water contents,

MSI may not be able to detect the incipient stages
of water stress for any vegetation type.

MSI does detect something unique about
coniferous forest damage that cannot be detected
using NIR /R vegetation indices (Rock et al., 1985;
1986; Vogelmann and Rock, 1986; Defeo et al.,
1988); hence, it is unlikely that the differences in
MSI between damaged and undamaged stands are
related to differences in leaf area index. Although
forest damage from air pollution and acid deposi-
tion may be related to water stress (E. R. Hunt,
Jr., B. N. Rock, J. E. Vogelmann, and A. F. Vogel-
mann, unpublished data), this and other studies
(Pierce et al., 1990; Riggs and Running, 1989)
show that possible water stress cannot be the
reason for the ability of the MSI to detect forest
damage. Thus, the physiological and ecological
bases for various vegetation indices are not yet
understood.

CONCLUSIONS

The LWCI from Eq. (2) was an accurate estimator
of RWC for species with different leaf morpholo-
gies: succulents (from Hunt et al., 1987), sclero-
phyllous trees (Q. agrifolia), conifers (Picea
species), hardwood deciduous trees (L. styraci-
flua), and herbaceous dicot annuals (G. max).
Therefore, LWCI is an index that measures leaf
RWC directly and can be used to determine when
certain plants are water stressed. However, the
required reflectances at two different and known
RWC make the LWCI practical only in a labora-
tory, and impractical for field applications.

MSI (R, /R, 4,) is correlated to the depth of
liquid water in a leaf and possibly in a canopy.
Since EWT is correlated to leaf area index, MSI
should be correlated to leaf area index. MSI was
not sensitive enough to determine changes in EWT
that occur for water-stressed canopies at constant
leaf area index, because large changes in RWC
must occur before water stress can be reliably
detected.

Thus, it is unlikely that plant water stress can
be detected from satellites using NIR and MIR
wavelengths. A similar conclusion has been reached
by Pierce et al. (1990) for field-stressed conifers
using the NS-001 Thematic Mapper Simulator and
by Riggs and Running (1989) over the same sites



using the Airborne Imaging Spectrometer (AIS).
So, thermal-infrared bands, with or without com-
panion vegetation indices, may be the only practi-
cal method for detection of water stress over large
areas.
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